A method of fabricating carbon nanotube ͑CNT͒-based field emitters has been studied to improve field emission characteristics. From the supplementary substrate coated with CNTs, CNTs were transferred to the objective substrate through the metal intermediation ͑MI͒ layer where the heat and pressure were applied. CNTs were vertically aligned on the objective substrate after removing the supplementary substrate. The field enhancement effect of emitters can be increased by the formation of the sharp edges through CNT transfer process. This MI process allows one to lower the processing temperature below 300°C and form the patterned CNT emitter arrays.
unique characteristics, such as high aspect ratio, small radius of curvature at the tip, high mechanical strength, and good chemical inertness, [4] [5] [6] address them as a strong candidate for a field emitter. Currently, many ongoing researches have been focused on the vertical alignment of CNTs, 7 which is one of the prime factors determining the electron emission property of CNTs. The following three well-known methods for the preparing vertically aligned CNT films are: Chemical vapor deposition ͑CVD͒ using catalyst, 8 screenprinting of CNT paste and subsequent surface treatment, 1,2 and selfassembly using functional molecules. 9, 10 However, the above three methods have their own drawbacks. For the CVD method, the processing temperature higher than 500°C makes it difficult to use soda-lime common glass substrates, where the softening temperature is around 550°C. Lowering the processing temperature yields large amount of amorphous carbons and poor crystalline quality of CNTs which both deteriorate field emission characteristics. 11, 12 In the case of screenprinting CNT paste, the active emission sites are low due a tangled state of CNTs and amorphous carbon coating on the surface of CNTs. Therefore, an extra step, such as surface treatment to expose CNT tips, is necessary. 1,2 For the self assembly, the electrical conductivity between CNTs and a substrate causes a serious problem, since molecules linking CNTs to a substrate are generally insulating and their adhesion strength is low. [12] [13] [14] In this letter, we have fabricated CNT arrays in a way to avoid such problems and enhance their electron emission properties by metal intermediation ͑MI͒ process, which was composed of vertical aligning CNTs and metallic bonding between CNTs and substrate with heat and pressure. The morphology of CNT emitters and the adhesion between CNTs and the substrate are examined by scanning electron microscopy ͑SEM͒. Then, the field emission characteristics are measured to evaluate the validity of this processing. Furthermore, this process can be easily applied to make patterned emitters by depositing a metal layer selectively on the CNT film using a shadow mask.
The MI process was composed of three steps ͑Fig. 1͒. First, an Ag layer as an intermediation layer was deposited on the objective substrate and the top of a CNT film, which had been formed on a supplementary substrate. Here, two different kinds of CNT films were employed. One is a vertically aligned multiwalled carbon nanotube ͑MWNT͒ film grown by thermal chemical vapor deposition ͑CVD͒ using a C 2 H 2 gas as a carbon source at 650°C on a Si substrate. The other is a randomly oriented single-walled carbon nanotube ͑SWNT͒ film, which was prepared by dip coating ethanolic solution of dispersed arc-discharge-grown SWNTs on a Si substrate. The thickness of deposited Ag layer using dc magnetic sputtering system was 1000 Å. In the case of preparing a patterned emitter array, a patterned metal layer was deposited on the CNT film using a shadow mask. Second, the Ag-coated CNT layer was transferred to the Ag-coated objective substrate under the pressure of 3 MPa at 300°C for 120 s after contacting Ag layers of both substrates. Finally, the supplementary substrate is removed to expose a CNT layer on the object substrate. Here, the used supplementary CNT film could be reusable but the density of CNTs may be changed for next use. The MI process allows lowering the processing temperature for emitter fabrication to less than 300°C. This temperature is remarkably low compared to the melting point of the employed Ag ͑about 960°C͒ due to the increase of surface tension for the nanosized Ag. 13, 14 This MI method is very useful for to transfer high-quality CNTs, such as those grown at high temperature by thermal CVD on a Si or quartz substrate, to a low-melting point substrate, such as soda-lime glass. According to references, Young's modulus of a SWNT, which may depend on the diameter and chirality of a CNT, has an average value of 1.8 TPa, 14 and that of a MWNT is 1.28 TPa. [15] [16] [17] Therefore, applying a pressure of 3 MPa during the metal bonding does not damage the structure of CNTs.
In case of a MWNT film, the side view of MWNT emitters before the transfer processing is shown in Fig. 2͑a͒ . The MWNT film grown by thermal CVD has the uniform height and high density of MWNTs. The average length of MWNTs is about 8 m and the average diameter is about 50 nm. It is known that too high of a density of emitters would lead to low field emission current due to the field screening effect. 16 Also, the MWNT film has many amorphous carbons at the bottom of a CNT film, which deteriorate the contact between CNTs and a substrate both electrically and mechanically. As shown in Fig. 2͑b͒ , the application of MI process suggested in this letter can have a role in decreasing the density of active MWNTs, which may mitigate the electric-field screening effect. Additionally, this process allows one to open and sharpen the edges of CNT tips ͓inset of Fig. 2͑b͔͒ , resulting in a low turn-on field, while the tip ends of as-grown CNTs are closed. Furthermore, the contact properties, such as electrical conductivity and adhesive strength between CNTs and the substrate, seem to be improved by the application of this process. This yields to large field enhancement factor due to the tearing out of CNTs during detachment of the CNTs from the supplementary substrate together with the resultant low density of CNTs. The resulting field emission characteristics after the MI process is compared with the untreated one in Fig. 2͑c͒ as a plot of the current density versus electric field ͑J-E͒. The field emission measurement was carried out in a configuration of diode-type emission with 200 m spacing between the cathode and anode, where an indium-doped tin oxide glass substrate is used as an anode. At the current density of 1 A/cm 2 , the turn-on field of the MWNT film after the process was 2.74 V / m, while that of the as-grown MWNT film was 3.01 V / m. At higher applied fields, a larger discrepancy in the current densities is observed for the two cases. At the field of 5 V / m, the current density of the MWNT film increases one order of magnitude higher by the process application, and this current improvement is attributed to sharp tip edges and a good electrical contact between CNTs and substrate.
The same MI process was performed for a SWNT film, where the film was prepared by dip coating of dispersed solution of SWNTs in ethanol. Figure 3͑a͒ is the SEM image of the SWNT film after the processing, in which many SWNTs point vertically. Figure 3͑b͒ shows two J-E curves of SWNT emitters fabricated by the MI process and by the screen-printed SWNT paste with the posttreatment.
1 The SWNT paste was prepared by mixing SWNT powder to inorganic frits, fillers, and organic resins, such as vehicle and photoimageable resin.
2 The screen-printing method usually remains amorphous carbons with CNTs as a leftover product of organic resins even after firing. Although these carbon impurities may help the adhesion between CNTs and a substrate, they may degrade the performance of field emission of CNTs due to covering the CNT emitter tips. The noticeable difference of emission properties between the two is the magnitude of the base current measured below the turn-on field, as shown in Fig. 3͑b͒ . About a three order of magnitude larger base current was obtained from the screen-printed SWNT emitters. Thus, the higher base current from the screen-printed SWNT emitters may be caused by either high capacitance or high resistance originated from the existence of inevitable impurities, i.e., amorphous carbons. The patterned CNT arrays could be successfully achieved by the same process when the selective deposition of the metal layer on a CNT film of a supplementary substrate is used with a patterned shadow mask. The patterned array of MWNT emitters is shown in Fig. 4͑a͒ . The pattern has dimensions of 300 m width and 400 m length, while the height of MWNTs is 16 m. The emission properties of the patterned MWNT arrays are shown in Fig 4͑b͒. Very low turn-on field, 1.37 V / m, was obtained, which is smaller than the previous unpatterned MWNT emitters ͑2.74 and 3.01 V / m͒. It may arise from the high aspect ratio of MWNTs and large number of MWNTs existing at pattern edges, where field emission is more efficient than middle area of emitters due to less field screening effect.
In summary, we have fabricated CNT emitters by applying the MI process, which was intended to improve field emission characteristics. Through this experiment, we have proved that CNTs could be transferred to an objective substrate by metal bonding, and this process could occur at moderately low processing temperature. The resultant CNT emitters after the transfer show improvement in emission. It is attributed to the increased field enhancement factor resulting from proper density of emitters and sharp emitter tips. 
